Iris is a specific elastase inhibitor expressed in the salivary glands of the hard tick Ixodes ricinus. It belongs to the superfamily of serpins and interferes with both haemostasis and the immune response of the host. In this study, we first show that Iris is expressed in nymphs but not in the female midgut nor in males. We also show that Iris is present in the saliva. To examine its potency as anti-tick vaccine candidate, we set up three models of I. ricinus infestation on immunized animals: nymphs on mice, and adults and nymphs on rabbits. We report the rise of neutralizing antibodies following immunization of rabbits and mice. This comes with a significant protective immunity against ticks in rabbits only, resulting in a 30% mortality rate and a diminution of weight gain in both nymphs and adults and a prolongation of blood feeding time in adults. This is the first report on an anti-tick vaccine trial on I. ricinus using a protein able to interact with both host immunity and haemostasis, as a vaccinating antigen.
Introduction
Ticks are the most frequent ectoparasites that infest mammals, birds, reptiles, and amphibians [1] . More than 800 tick species have been reported world-wide but only about 30 of which feed on humans. In Europe, Ixodes ricinus is the most common tick, which bites humans and domestic animals, including pets and cattle [2] . Because of its role as vector of an encephalitis virus and Borrelia burgdorferi, the causative agent of Lyme disease, I. ricinus is of prime medical importance. At present, the control of tick infestations relies mostly on acaricides. However, the use of chemical compounds carries several draw-backs such as pollution of environment and the food chain, but also the emergence of acaricide resistance use of two intestinal "concealed" antigens (Bm86 and Bm91) from Boophilus microplus to protect cattle against tick infestation in Australia. However, on grassland, immunization with these antigens is better improved by using acaricides. Vaccination against other tick species such as Rhipicephalus, Amblyomma and Haemaphysalis, which have a high economic impact on agriculture, is under trial but still far from being a reality [15] [16] [17] . To date, there is no vaccine against I. ricinus ticks.
Amongst possible candidates, saliva proteolytic enzyme inhibitors, such as serine protease inhibitors (serpins), are of particular interest. An efficient immune response would indeed associate both a reaction against this tick antigen and neutralization of its enzymatic activity essential to the blood meal and tick survival. Human plasmatic serpins are important regulators of serine proteases involved in inflammation, blood coagulation, fibrinolysis, and complement activation [18] [19] [20] . Exogenous serpins could therefore interfere at the bite site with the regular immune, inflammatory and coagulation reactions from the host. Serpins have been recently isolated from the hard ticks Amblyomma hebraeum, Amblyomma variegatum, B. microplus, Haemaphysalis longicornis, Ixodes scapularis, and Rhipicephalus appendiculatus [16, [21] [22] [23] ]. An example of the action of tick serpins on the host defence mechanisms is the protein HLS2 from H. longicornis which delays coagulation time and inhibits thrombin activity [16] . Although the mechanism of action of other tick serpins has not yet been investigated, data from other arthropods support an essential role of serpins in the control of proteolytic cascades [24] . Accordingly, Mulenga et al. have recently proposed the use of tick serpins as vaccine antigens [15] . Andreotti et al. [25] have observed a significant reduction of both tick number and egg weight after vaccination of cattle against a serine protease inhibitor from B. microplus. In addition, Imamura et al. [16, 17] have demonstrated an increased mortality of H. longicornis and R. appendiculatus during their blood meal on cattle immunized with serpins.
We have recently characterized a new serpin from the hard tick I. ricinus. This protein modulates both the innate and acquired immunity of the host [26] . Accordingly, we have named the protein Iris for "Ixodes ricinus immunosuppressor". We have also shown that Iris is a specific elastase inhibitor that interferes with the contact phase coagulation pathway and fibrinolysis, and disrupts platelet adhesion [27] . To our knowledge, this is the first ectoparasite serpin that interferes with both haemostasis and the immune response.
In this report, we have evaluated the potential interest of recombinant Iris (rIris) as a candidate vaccine antigen on three models of I. ricinus infestation: nymphs on mice, adults on rabbits and nymphs on rabbits. We have also studied the expression pattern of Iris throughout tick development stages and shown that Iris was expressed in female adult salivary glands and nymphs but not in the female midgut nor in males. Moreover, we have shown that the protein is present in the saliva. In addition, we have demonstrated that immunized rabbits and mice developed neutralizing antibodies specific to Iris. We have also found a partial protection of immunized rabbits against infestation with I. ricinus adult females and nymphs, with, in particular, effects on the tick mortality, weight gain and blood feeding time.
Materials and methods

Ticks and animals
Specimens of I. ricinus were raised in the tick breeding facility at the Laboratoire de Parasitologie, Université de Neuchâtel (Switzerland). Founders of the colony were initially collected in a wood land near Neuchâtel and were maintained on rabbits (adults and nymphs) and SWISS mice (larvae).
RNA extraction and RT-PCR analysis
PolyA+ RNA was extracted from (i) salivary glands harvested on dissected adult females ticks at day 0, 1, 3, and 5 of the blood meal, (ii) midguts of unfed and fed females adults, (iii) salivary glands and midguts of adult males, and (iv) whole fed nymphs. RNA extraction and cDNA synthesis were performed, respectively, with the MicroFastTrack and Genracer kits according to the manufacturer's instructions (Invitrogen, USA). Aliquots (0.5 l) of the RT product were used as templates in 25 l standard PCR reaction mixtures containing gene-specific primers Iris or ␤-actin (Iris sense primer: 5 -ATGGAGGCAGTCTGAGCAACC-3 ; Iris anti-sense primer: 5 -TTAGAGCTCACGGATGGATGG-3 ; ␤-actin sense primer: 5 -TGTGACGACGAGGTTGCCG-3 and ␤-actin anti-sense primer: 5 -GAAGCACTTGAGGT-GGACAATG-3 ). Each primer was used at a final concentration of 0.4 M. PCR were performed using Extaq polymerase (Roche) for 45 cycles under the following conditions: 45 s at 94 • C, 45 s at 54 • C, and 90 s at 72 • C. Ten microliters of the PCR reactions were analyzed on a 1% agarose gel containing 1 g/ml ethidium bromide. The recombinant plasmid bearing a full-length Iris clone was used as a positive control template, while milliQ water was used as the negative control. The presence of a specific band at 1.1 kpb (the expected size of both Iris and Actin PCR products) was monitored on a U.V. transilluminator. All polyA+ samples were submitted to the whole procedure omitting the addition of reverse transcriptase to exclude amplification from contaminating genomic DNA.
Western blot analysis on saliva and glands salivary extracts
Saliva was collected from I. ricinus females fed for 5 days on a non-immunized rabbit. Five microliters of phosphate buffer saline (PBS) (Invitrogen) containing 0.02% dopamine, were injected into the hemocoele using a fine nee-dle (0.1 mm). Saliva was then collected in a capillary placed around the hypostome, and immediately processed. Salivary glands were harvested from dissected ticks, and washed in PBS before processing.
For Western blot analysis, saliva (10 l), salivary glands extracts (5 g), and recombinant Iris (50-100 ng) denatured in sample buffer were subjected to electrophoresis on a 10% polyacrylamide gel (SDS-PAGE) and transferred onto a nitrocellulose Hybond-C membrane (Amersham). Recombinant Iris was produced on a baculovirus system according to Prevot et al. [27] . The membrane was revealed with the rIris rabbit antiserum or pre-immune serum from the same rabbit as negative control (1:1000 dilution on PBS-0.1% Tween 20-0.5% Instagel) at room temperature for 1 h, and washed three times with PBS-Tween. The membrane was then incubated with peroxidase-conjugated anti-rabbit IgG (Amersham, USA) (1:7500 dilution) at room temperature for 30 min, and washed three times. Positive signals were visualized by using 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indozyl phosphate (Roche, USA).
Generation of seras in repeatedly bitten rabbits
Eight rabbits were repeatedly infested (three times at 3-week intervals) with 50 pairs of adult ticks. Sera were then harvested and analyzed by Western blotting on recombinant Iris.
Immunisation and challenge infestation
Five female 6-week old BALB/c mice (Harlan Netherlands) and four female New Zealand white rabbits (3 kg, Harlan Netherlands, CEGAV France) were injected subcutaneously with purified rIris in PBS pH 7.5 emulsified in Freund's adjuvant. First injections were performed in complete Freund's adjuvant and boosters in incomplete Freund's adjuvant. Doses contained 20 g purified protein in 50 l PBS per individual mouse and 50 g for each rabbit. They were injected at 3-week intervals. The animals were bled at the day of injections then 2 weeks after each booster as well as before challenge infestation. Four rabbits and five mice were mock-immunized following the same protocol with PBS in Freund's adjuvant as negative controls.
Vaccinated and control animals were challenged with tick infestations following three experimental models: (i) nymphs on mice: 15 individuals per mouse, (ii) nymphs on rabbit: 50 nymphs ticks per rabbit's ear, (iii) adults on rabbits: 30 adult couples per rabbit's ear. Each experiment was performed independently.
Nymphs were held on mice backs with plastic capsules glued on the shaven back with beewax/colophane mixture [28] . Nymphs and adults were placed in soft fabric bags held on rabbit's ears with tape according to Schorderet and Brossard [29] .
Animals were monitored two times per day for signs of discomfort or skin lesions, and ticks were counted and examined for attachment. Disanchored ticks were weighed and placed in individual tubes for monitoring (25 • C; 85% of humidity). Overall, the following parameters of the blood meal were measured: (i) death on host, (ii) weight at fall-off, (iii) duration of the blood meal, (iv) moulting (nymphs) and oviposition (adults).
All animals were maintained and handled according to local and national approved ethical guidelines.
ELISA
The humoral response of vaccinated mice and rabbits was measured by a home-made ELISA. Two hundred and fifty nanograms of rIris in PBS were initially coated onto 96-well plates (Nunc, Immunsorb) overnight at 4 • C. Wells were then saturated 1 h in PBS-Tween 20 0.1%-bovine serum albumin (BSA) 1%. The coated plates were incubated with various dilutions of immune or pre-immune sera for 2 h. Antibody binding was then detected by adding a biotinylated antiIgG antibody (dilution 1:10,000) for 1 h, followed by the incubation of streptavidin (1:10,000) associated to peroxidase for 30 min. Finally, the TMB chromogen (Sigma) was added for 10 min. Absorbance at 450 and 630 nm was read with a Model 680 microplate reader (BioRad). Values were expressed as antibody titres as defined by the serum dilution at the inflection point of the curve.
Neutralisation assays
We tested whether antisera neutralized the antiproteasic activity of rIris on porcine pancreatic elastase (PPE) as described previously [27] . Briefly, rIris was pre-incubated with dilutions of immune and control sera for 5 min at 37 • C in Tris buffer. Porcine pancreatic elastase was added and the incubation proceeded for 1 h. The substrate for PPE was added and absorbance at 405 nm was read in a Model 680 microplate reader (BioRad). OD 405 values were recorded as estimates of residual PPE activity. Therefore, neutralizing activity of antisera translates into a recovery of PPE activity as measured by increased OD 405 . Controls included ovalbumine for rIris and sera from mock-immunized animals for rIris immunized mice or rabbits.
Statistical analyses
Data are represented as mean ± S.D. Significance was then assessed using one-way ANOVA or Student t-test implemented in the MedCalc for Windows, version 8.2.0.1 (MedCalc Software, Mariakerke, Belgium).
Results
Detection of Iris specific messengers
To assess the potential of Iris as a putative natural immunogen which is in contact with the host during the tick blood Fig. 1 . Analysis of Iris transcripts during a blood meal. RNA was extracted from tick tissue samples and subjected to RT-PCR using pairs of primers specific for Iris and ␤-actin. 1, unfed female salivary glands; 2, 1-day fed female salivary glands; 3, 3-days fed female salivary glands; 4, 5-days fed female salivary glands; 5, 5-days fed female midgut; 6, male salivary glands; 7, total nymphs; 8, milliQ water, negative control; 9, recombinant plasmid pBlueBac 4.5/Iris, Iris positive control.
meal, we first monitored its expression in the salivary glands. Messenger RNA was extracted from various organs of unfed and fed adults and from whole fed nymphs. These RNAs were then analyzed by RT-PCR using Iris and ␤-actin specific pairs of primers. Results are shown in Fig. 1 . The presence of a 1.1 kb PCR product generated by ␤-actin primers demonstrated the good quality of the RNA preparations from all tissues (lanes 1-7) and the specificity of the reaction as no product was generated on the plasmid template or in absence of template (lanes 8 and 9). A similar specificity was observed using the Iris primers as a PCR product of the expected size was generated from the cloned gene used as a template but not in its absence (lane 8). The specific 1.1 kb PCR product was generated on RNAs from fed nymphs (lane 7) as well as from salivary glands of feeding adult females at day 1, day 3 and day 5 of the blood meal (lanes 2-4). On the contrary no positive PCR signal was seen on unfed females (day 0 of the blood meal) (lane 1), on males (lane 6) or on fed female midgut (lane 5). These results indicated that an Iris specific RNA is present in feeding nymphs and is induced very early in salivary glands of female feeding ticks.
Detection of native Iris in tick saliva by Western blotting
In order to confirm that the observed Iris RNAs are translated into protein, salivary glands and saliva were analyzed with an anti-rIris antiserum from an immunized rabbit (see Section 2.5) by Western blotting analysis. Fig. 2 indicates that rabbit anti-rIris serum (lane 3) -but not pre-immune serum from the same rabbit (lane 2) -detected a discrete band at 42 kDa in salivary glands of fed ticks as well as in saliva (lane 8). The specificity of these signals was indicated by the detection of a discrete band at the expected molecular weight of 48 kDa when recombinant Iris was loaded onto the gel (lanes 5 and 6). The difference between the natural and recombinant proteins could be explained by the presence of V5 epitope and His tag on the C-terminus of rIris [27] . An additional band was also detected at 54 kDa in salivary gland extracts (lane 3). These results demonstrated that the expression of the Iris protein is induced in salivary glands during the blood meal and is secreted in the saliva. Protein extracts were subjected to electrophoresis, transferred onto a nitrocellulose Hybond-C membrane, and analyzed using anti-Iris specific or pre-immune rabbit antibody (1:1000); lane 1. 5 g of unfed female salivary gland extracts; lanes 2 and 3. 5 g of 5-days fed female salivary gland extracts; lanes 4 and 5. 20 ng of recombinant Iris; lane 6. 5 ng of recombinant Iris; lanes 7 and 8. 10 l of 5-days fed female saliva. Lanes 1, 3, 5, 6 and 8 were analyzed using a rabbit polyclonal anti-Iris while lanes 2, 4 and 7 using a preimmune serum from the same rabbit. (B) One hundred nanograms of recombinant Iris were subjected to electrophoresis, transferred onto a nitrocellulose Hybond-C membrane, and analyzed using preimmune serum (lane 10) or serum from repeatedly bitten rabbits (lanes 1-8). Lane 9 was analyzed using a rabbit polyclonal anti-Iris, as positive control.
Analysis of the antibody response against Iris
The question then asked was whether Iris is fully exposed as a salivary antigen to the immune system of a bitten host. To that end, we assessed the anti-rIris reactivity of sera collected from rabbits that had been repeatedly bitten. Fig. 2B shows that the sera from all eight multi-infested rabbits recognized a recombinant rIris as determined by Western blot analysis. We also investigated whether recombinant Iris is able to trigger an efficient immune response. To do this, we immunized mice and rabbits with the recombinant protein produced in a baculovirus system, using a three boost protocol and Freund's adjuvant. The specific antibody response was analyzed by ELISA after each injection. All mice (4/4) and rabbits (4/4) developed a response to immunization by Iris, and the humoral response was detected after only one injection. Three injections were necessary to reach a maximal antibody titre (data not shown). Sera titre values were around 10 6 and 2.5 × 10 6 , for mice and rabbits, respectively. IgG 1 and total IgG levels were identical (10 6 ) whilst a lower level (8.0 × 10 3 ) of IgG 2a and no IgE were detected. Preimmune sera were consistently negative (titres < 250). These data indicate that recombinant Iris is able to elicit a high and specific antibody response in mice as well as in rabbits.
Antibodies inhibited rIris antiproteasic activity
In order to evaluate the quality of the antibodies, we tested whether anti-rIris rabbit and mice anti-sera neutral- Fig. 3 . Neutralization of Iris antiproteasic activity by mouse rIris (␣-Iris) or PBS (␣-PBS) anti-sera. One microgram of rIris was incubated with various sera dilutions for 5 min at 37 • C, and for an additional hour with equimolar ratio (to Iris) of pancreatic porcine elastase (PPE). Residual activity in the presence of 1 g ovalbumin, a serpin with no inhibitory activity, is used as the 100% reference.
ized the antiproteasic activity of the protein. This activity was monitored by testing its ability to inhibit the pancreatic porcine elastase (PPE) activity [27] . As reported previously, rIris inhibits elastase activity by around 70%, while the same amount of ovalbumin has no effect. Addition of increasing concentrations of mice anti-rIris sera progressively alleviated this inhibition indicating that the Iris antiserum is able to inhibit rIris activity in a dose dependent manner. Fig. 3 shows that mice sera could be diluted around 1000 times, but nevertheless keep their blocking activity on 1 g of rIris (as the residual activity of PPE remains around 100%). Addition of sera from mice injected by PBS had no effect on rIris activity. Identical experiments were performed with rabbit antisera with similar results (data not shown).
Nymph infestation of vaccinated mice
The above results indicate that immunization with a recombinant Iris elicited a good titre of antibodies able to neutralize the enzymatic activity of the protein. We therefore assessed their ability to counteract laboratory infestation in immunized animals. For that purpose, a set of mice were infested by I. ricinus nymphs. These nymphs were then followed to obtain data such as the feeding time, the weight gain, the mortality and moulting. As detailed in Table 1 , there is no significant difference between nymphs fed on immunized or control mice.
Nymph infestation of vaccinated rabbits
We then performed the same monitoring on immunized rabbits, which revealed a different response. Sets of 50 nymphs were allowed to infest immunized as well as control rabbits. They were monitored according to several parameters as detailed in Table 1 . The attachment rates were first examined during the initial 24 h of tick contact with the rabbit's ears. No difference could be detected between the nymphs infesting the immunized or control rabbits. Ticks completed their blood meal within 3-6 days on all rabbits (immunized or not). However, a higher mortality was observed as 30% of the nymphs died feeding on immunized rabbits as opposed to normal rates. Calculation of the exact mortality rates gave figures of 33.6% on immunized rabbits. These calculations took into account total number of ticks which either died on rabbits or fell off and died without moulting. These dead ticks collected from rIris-vaccinated rabbits appeared dry. Several surviving nymphs fed on vaccinated rabbits also presented a parched appearance, an observation never before made on ticks collected from PBS-injected rabbits. All surviving ticks were weighed. An analysis of the plotted weights showed the expected bimodal distribution values (Fig. 4) . As maleto-be nymphs are known to feed less, the lower weight peak corresponded to future males whereas the higher one corresponded to future females [30] . Furthermore, recorded weight values of nymphs fed on control rabbits were in accordance Results are expressed as average (±S.D.) of each group. The control group was immunized with PBS buffer. Mortality rate was calculated from the ticks that died either during feeding or without moulting. * P < 0.001 compared to control (Anova one-way of variance). ** P < 0.001 compared to control (Student's test). Fig. 4 . rIris vaccination influences the weight of engorged nymphal ticks at disanchoring. Nymphal stages were fed on vaccinated and control rabbits. The disanchoring was observed to start on day 3 and finish on day 5 post-infestation. Living disanchored engorged nymphs were harvested. The percentage of the total number of disanchored living nymphs is plotted against the weight by 0.5 mg sections. The significance of the result was assessed using the Student's t-test (P < 0.001).
with values previously published [30] . However, an obvious shift of peaks of both future males and females to lower weights was observed in nymphs fed on immunized rabbits when compared to the normal values obtained on control rabbits (Fig. 4) . This corresponded to mean decreases of 0.3 and 0.8 mg, respectively, as indicated in Table 1 . The Student's t-test indicated that these differences are significant (P < 0.001). All these observations were fully reproduced on a rabbit immunized following an identical protocol but using alum as adjuvant, with values of 25.0% for mortality rate and decreases of 0.3 and 0.8 mg for weight peaks, while no difference in moulting rate was observed. Moreover, in this case, nymphs needed a longer feeding time (+ 0.7 day). Finally, all engorged tick nymphs were observed to moult whether fed on control or immunized rabbits. These results indicated that vaccination provokes a 30% mortality rate in feeding nymphs and that all surviving nymphs were able to moult despite a decreased weight gain.
Adult ticks infestation of vaccinated rabbits
The effect of vaccination was also monitored on the blood meal of adult female ticks. Results are shown in Table 2 . The values are from two independent experiments each comprising two rabbits per condition tested. The attachment rates were first examined during the initial 24 h of tick contact with the rabbit's ears. No difference could be detected between the females infesting the immunized or control rabbits. On control rabbits, ticks accomplished their blood meal within 6-10 days. However, on immunized rabbits, 21.6% of ticks needed between 11 and 23 days to complete feeding and detach. As shown in Table 2 , this phenomenon translated into an increase of the average blood meal time by more than 1 day on immunized rabbits (9.0 ± 0.6 days) as compared to controls (7.6 ± 0.4 days) (P < 0.02). Within addition, a high mortality rate of 33.6 (±3.9)% for ticks fed on rIris-immunized rabbits versus 4.2 (±4.7)% on control group was observed. This mortality rate figure takes into account the total number of ticks which died either on rabbits, or detached and died later without laying eggs. On visual examination, dead ticks were dry although they were fully gorged or nearly-fully gorged, suggesting that they had completed their blood meal. Most live ticks taken from vaccinated rabbits or from controls appeared identical. Nevertheless, several living adult ticks fed on vaccinated rabbits had a parched appearance which had never been observed on live ticks collected from PBS-injected rabbits. All ticks were weighed after detachment and as shown in Table 2 , found to insert into a similar weight window whether they were fed on immunized or control rabbits. There was no difference either in the oviposition rate between ticks surviving on vaccinated or control rabbits (Table 2 ). Finally, no obvious skin alteration at the feeding spot or behaviour difference could be observed between vaccinated and control rabbits during the whole course and after the infestation period. All these observations were fully reproduced on a rabbit immunized following an identical protocol but using alum as adjuvant, with values of 23.1% for mortality rate and Results are expressed as average (±S.D.) of each group. The control group was immunized with PBS buffer in association with AFC/AFI. Mortality rate was calculated from the ticks that died either during feeding or without oviposition. * P < 0.001 compared to control (Anova one-way of variance). ** P < 0.02 compared to control (Student's test). *** P < 0.02 compared to control (Anova one-way of variance). a significant increase of blood feeding period to 12.4 days. The latter is explained by a high proportion (42%) of ticks, which accomplished their blood feeding after the day 10.
Discussion
Ticks are the most frequent blood feeding ectoparasites that infest various animal species including humans, pets and cattle [2] . Because of their role as vector of various pathogens, they impose a double burden to the host populations: one relating to the blood intake, and a more serious one being associated to tick-borne diseases (e.g. Lyme disease, encephalitis, rickettsiosis, theileriosis, and babesiosis). Anti tick strategies are therefore of medical and veterinary importance although none has proven to be sufficiently efficace so far. Vaccination would be the best solution. Some proofs of concept have already been obtained [13, 14] . One anti-tick vaccine has even been commercialized. However, its efficiency is limited and it is generally used in combination with acaricides [31] .
Serine protease inhibitors (Serpins) are involved in the control of many biological processes. Therefore, it is particular interesting to use serpins as anti-tick vaccine antigens because different members of this family of proteins are key regulators of either arthropod metabolism and/or host haemostasis. In addition, promising results have been reported using as vaccinating proteins serpins from other hard ticks A. hebraeum, A. variegatum, B. microplus, H. longicornis, and R. appendiculatus [16, [21] [22] [23] in their respective infestation models.
We have recently isolated and characterized Iris, a serpin expressed in salivary glands of the hard tick I. ricinus. This tick species is the most common one in Europe. It carries Borrelia burgdorferi, the causal agent of Lyme disease. Iris modulates both the innate and acquired immunity of the host [26] . It is a specific elastase inhibitor that interferes with the coagulation, fibrinolysis, and platelet adhesion [27] , but also with the host immune system [26] .
In this report, we tested its potential interest as a candidate vaccine antigen in three models of I. ricinus infestation: nymphs on mice, and adults and nymphs on rabbits. Firstly, we evaluated whether Iris could be accessible to the host immune response. Using RT-PCR, we confirmed that Iris mRNA is expressed in female salivary glands [26] (Fig. 1) , where it is induced by feeding. Western blot analysis confirmed that the protein is found in salivary glands and saliva, and that it is recognized by the serum of repeatedly bitten animals. Therefore, Iris is naturally exposed to the immune response of the bitten host, and is expected to be a good vaccine candidate. Moreover, it could display a booster effect when ticks are in contact with vaccinated hosts.
Iris is not expressed in female midguts nor in males. A possible explanation could be that Iris is not involved in the physiological processes associated to the midgut nor in males as they bite but do not ingest blood [2] . The Iris gene is also expressed in the feeding nymphs. Therefore, Iris expression is induced in female saliva and it can be reasonably assumed it is also the case in the nymph saliva. Provided it is induced in larvae, it would be injected in the host during the blood meal of the three development stages. Furthermore, an additional band at 54 kDa is detected by anti-Iris antibodies in salivary gland extracts. This indicates that Iris could be a member of a multigene family expressed in tick salivary glands [32] . This would be reminiscent of a family of four genes described by Mulenga et al. [22] in R. appendiculatus, coding for four serpins (RAS-1 to RAS-4) with predicted molecular weights of 41.9, 42.7, 43.2 and 53.9 kDa, respectively.
We next assessed the immunogenicity of the recombinant protein. IgG titres, as determined by ELISA on serum from all immunized mice and rabbits reached ∼10 6 and 2.5 × 10 6 , respectively. An humoral response could be detected as soon as after the first injection of rIris, but a maximal titre required three injections. Western blotting analysis indicated that the antibodies elicited upon vaccination strongly recognized the protein in salivary gland extracts. In mice, detection of IgG2a (8 × 10 3 ) and absence of IgE suggested that immunization by Iris elicited a Th1 response. This is indeed expected while using Freund's adjuvant known to polarise the response to Th1 components as compared to other adjuvants such as alum [33] . On the contrary, in BALB/c mice, nymph infestations have been typically reported to polarize the immune system towards a Th2 response, an effect related to immunosuppression [34] . Accordingly, we assumed that Th1 polarization should facilitate protection of the host.
We then tested whether anti-rIris rabbit and mice sera were able to neutralize the activity of the protein. These tests showed that both mice and rabbit sera inhibited rIris antiproteasic activity (Fig. 4) . Taken together, these results indicated that Iris is injected in the host as a part of the saliva and is highly immunogenic to rabbits and mice. Antibodies not only recognized the natural protein but also blocked its antiproteasic activity.
Finally, we tested the potential interest of Iris as a candidate vaccine antigen in models involving infestation of two species (mice and rabbits) by two developmental stages (nymphs and adults). The adult-on-mouse model was however not investigated here because we previously observed that mice die when infested with two or more adult I. ricinus (unpublished data). Rabbit and mice infestations were considered as complementary models. Indeed, rabbits are known to develop an immune resistance after repeated cycles of tick bites, whereas parameters of the blood meal do not change on mice after successive infestations [30] . Even if comparisons of the two animal models could be done only with nymphs infestations, it appears that the two species behave differently while reacting against infestations. There was no perturbation in several parameters of nymph blood meal in the mice vaccinated model (Table 1) . This is contrary to the higher mortality rate observed in nymphs feeding on vaccinated rabbits. This difference between mice and rabbits is intriguing.
It could be related to the weaker antibody response observed in mice. It is anyway in keeping with the acquired resistance in multi-infested rabbits never observed in mice [35] .
Higher mortality was reproduced in adult females feeding on the vaccinated rabbits. Our data also suggest that vaccination does not have a significant effect at the beginning of blood meal. Mortality affects only already well fed ticks which suggested that ticks begin to die at the end of the blood meal. Dead ticks collected from rIris-vaccinated rabbit appeared dry and most living ticks had a parched appearance compared to control tick. This could be related to our observation that the expression of Iris is up-regulated during the blood meal with a maximum at the end of the blood meal [26] , which is also the time when the I. ricinus female starts to swallow the largest amount of blood [1, 2] , suggesting that Iris is particularly useful in this late feeding step. At this step, Iris could be ingested to the midgut along with the blood meal, and could facilitate both blood intake and protection of the midgut walls. These data also suggested that Iris has an important role in both feeding females and nymphs. Nevertheless, vaccination also had differential effects on nymphs and adults. Thus, a significant reduction of weight gain was observed only with nymphs (P < 0.001) although their feeding time remained the same ( Table 2) . On the opposite, a significant proportion of adults had at times a largely increased feeding time on vaccinated rabbits compared to control.
Haemostasis and inflammation are powerful barriers to blood feeding by haematophagous parasites. In parallel, ticks have developed countermeasures such as salivary proteins able to inhibit one or both processes [8, 27, [36] [37] [38] [39] . These mechanisms are obviously good targets for vaccination. As such Iris is probably a suitable candidate as a specific elastase inhibitor. Indeed, elastase is a key player in haemostasis and inflammation and therefore is probably detrimental to different steps of the ticks' blood meal among which the activation of a pro-inflammatory response [40, 41] , the digestion of the extracellular matrix and the destruction of tick's gut tissue.
Though significant, protection acquired by immunization with rIris (∼30% of tick mortality) is not sufficient. Similar results were obtained upon vaccination with other tick serpins [16, 17] . The observed mortality rates in adult ticks would result in a reduced egg production and a subsequent reduction of tick population on grassland conditions. This is indeed an observed effect of the only current commercial veterinary vaccine. However, much higher protection levels should be aimed at. This goal could be reached through: (i) vaccinating with several members of a gene family. This would allow targeting a larger number of ticks if there are individual differences in the expression of different members of a gene family. Mulenga et al. [22] have indeed identified four members of a serpin multigenic family in R. appendiculatus. On the other hand, Imamura et al. [17] went on to test a vaccinating cocktail of two serpins in cattle. However, the relative protection conferred by the single-antigen or dual antigen candidate vaccine was not assessed; (ii) searching for other tick antigens offering a better protection upon vaccination; (iii) vaccination with cocktails of antigens involved in distinct mechanisms against host defences. The efficiency of such a strategy is supported by the detection of multiple antigens by the sera of animals acquiring protection after repeated bites; and (iv) combination of the above approaches using super-cocktails of several families of distinct antigens.
